There is growing interest in the potential for reforestation to assist the recovery of rainforest biodiversity. There is also a need to identify taxonomically-tractable groups for use as cost-effective indicators when monitoring the status of biodiversity within reforested sites. Insects are an important component of terrestrial biodiversity but often require considerable resources to sample at species level. Ant genera and generic-based functional groups have been suggested as possible indicators of environmental disturbance. Here we ask to what extent the development of biodiversity is indicated by epigeic ant genera and functional groups, across different types of reforestation in tropical and subtropical Australia. In each region, we used pitfall traps to sample the ants in replicate sites of: unmanaged regrowth; monoculture and mixed species plantations; and 'ecological restoration' plantings; together with reference sites in pasture and rainforest. We recorded 35 epigaeic ant genera (and 4,623 individuals) from 50 tropical sites, and 39 genera (and 9,904 individuals) from 54 subtropical sites, with 47 genera overall. Community composition of both genera and functional groups differed between pasture and rainforest, although many genera were widespread in both.
required to detect environmental change, the determination of appropriate performance criteria, and the allocation of sampling effort within versus between sites (Brown 1997; Williams & Gaston 1994; McGeogh 1998; Lindenmayer et al. 1999; Pik et al. 1999; Catterall et al. 2004; Kanowski et al. 2008) .
The monitoring of revegetation is often focused on the survival, growth and recruitment of plants and the use of revegetated sites by vertebrate animals (see, e.g., Parrotta et al. 1997; Block et al. 2001) . Invertebrates are an important component of terrestrial ecosystems (Wilson 1990; Folgarait 1998) , and therefore need to be included in biodiversity assessments. However, assessing their response to environmental changes presents several problems. Sorting invertebrate samples to species requires large investments of time and taxonomic expertise, a particular problem in the tropics, where many species are undescribed and lack identification keys (Lawton et al. 1998; Krell 2004) . Furthermore, the occurrence of invertebrate species can be very variable in space or time, making it difficult to detect the effects of environmental factors on patterns of species distribution (Wilson 1958; Kaspari 2000; New 2000; Grimbacher et al. 2008) .
Using supra-species (e.g., genus or family) levels of classification avoids some of these time and expertise constraints and may also reduce the variability between samples. Studies based on sorting to higher taxa have, in a number of cases, provided meaningful information on assemblage responses to environmental change (Williams & Gaston 1994; Balmford et al. 1996; Bailey et al. 2001; Cagnolo et al. 2002; Nakamura et al. 2003; Pik et al. 2002; Schnell et al. 2003; Kitching et al. 2004; Grimbacher et. al. 2008) . This leads to trade-offs between rapid assessment and taxonomic resolution in monitoring studies (Gaston & Williams 1993; McGeogh 1998; Neville & New 1999; Ward & Lariviere 2004) . Ants (Hymenoptera: Formicidae) have been widely used as indicators of recovery from environmental disturbance, especially within Australia (Majer 1983; Andersen 1990; Hoffman & Andersen 2003; Andersen & Majer 2004; Nakamura et al. 2003 Nakamura et al. , 2007 Nakamura et al. , 2008 . Ant genera are clearly defined and described in many regions (Andersen 1995a ). However, identifying ants to species is difficult for non-specialists, and many species remain undescribed, especially in high-diversity tropical areas (Brown 2000; Longino et al. 2002) . Some studies using ants have found strong parallels between species-and genus-level patterns of diversity and multivariate assemblage similarity amongst sites (Andersen 1995a; Major et al. 1999; Pik et al. 1999; Neville & New 1999; Pik et al. 2002; Schnell et al. 2003) .
The use of functional groupings, based largely on genus-level identification, has been proposed and applied as a cost-effective means of detecting the response of ant assemblages to environmental change (Andersen 1995b (Andersen , 1997 (Andersen , 2000 Brown 2000; Hoffman & Andersen 2003) . Many studies using ants as environmental indicators have surveyed assemblages of ground-active ants using pitfall traps, a sampling technique which can readily be incorporated as a standard methodology within broader biodiversity surveys.
However, much of this work has taken place in relatively open habitats such as sclerophyll forest, woodland and semi-arid environments. It is not clear whether the rapid assessment of epigaeic ant assemblages at genus level is likely to be equally useful in studies of ecological disturbance and recovery in rainforest landscapes. Nakamura et al. (2003) found that ant genera did not discriminate well between restored rainforest of different ages in subtropical eastern Australia. In contrast, King et al.
(1998) claimed a high utility of ant functional groups for assessing rainforest restoration in tropical eastern Australia, although this conclusion was speculative given their low replication of survey sites. More generally, it has been suggested that assessments based on functional groups may be especially useful in mesic forested habitats, where deforestation would have large microclimatic effects (Hoffman & Andersen 2003) .
However, there are also reasons for expecting that ant genera and functional groups may be less useful for rapid ecological assessments of rainforest landscapes than in drier environments. First, many of the ant genera that characterise undisturbed rainforest are intrinsically uncommon or patchy (Wilson 1958; Soares & Schoereder 2001; Nakamura et al. 2007) , and therefore unlikely to reveal statistically significant patterns without very intensive sampling. Second, the common thermophilic ant genera such as Iridomyrmex, which help give predictive power to the functional group approach (Andersen 1995b) , are likely to be scarce in rainforest landscapes (see for example Nakamura et al. 2007) , and where present they may avoid the shaded soil of denselygrassed pasture.
Given these uncertainties, the present study was designed to assess the extent to which biodiversity variation arising from different forms of reforestation within rainforest landscapes was revealed by rapid assessment of pitfall-trapped ant assemblages considered at the levels of genus and functional group. The study used two spatially-dispersed landscape-scale networks of sites, in the Australian tropics and subtropics, with each network containing five different types of reforestation and two reference conditions (rainforest, pasture). Since the reforested sites were selected to provide contrasting states of vegetation structure and tree species diversity (Kanowski et al. 2003; Wardell-Johnson et al. 2005) , we expected that many taxa should show variation in frequency among them. Variation in composition of other faunal taxa at these same sites has been described by Catterall et al. (2004) , Kanowski et al. (2005 Kanowski et al. ( , 2006 and Grimbacher et al. (2007) .
METHODS

Study context and design
The present study was part of a broader project that had the goal of quantifying the biodiversity value of reforestation in former rainforest landscapes, through the assessment of a range of taxa, processes and structural attributes at a common array of sites (Catterall et al. 2004) . (Adam 1994) . Recently, numerous reforestation attempts have commenced, ranging from the planting of monoculture or multi-species cabinet timber plots, to 'ecological restoration' schemes which attempt to recreate more faithfully the original vegetation associated with a site (Catterall et al. 2004; Erskine et al. 2007) . Large areas of cleared land have also developed a cover of unmanaged regrowth, often dominated by exotic plants, following abandonment of agricultural land (Neilan et al. 2006; Erskine et al. 2007 ).
Within each region, 5-10 independent replicate sites were selected within each of two reference states and five reforestation treatments. The reference states were pasture (P; n=5 in each region) on land that formerly carried rainforest, and mature rainforest (F; n=10 in each region), matched as closely as possible for environmental conditions with reforested sites. The five reforestation treatments, selected to typify approaches used in eastern Australia (Catterall et al. 2004) , were: (1) patches of unmanaged regrowth (RG; n=5 in each region), 30-40 years old in the subtropics and dominated by introduced camphor laurel Cinnamomum camphora or privet Ligustrum spp., and 10-20 years old in the tropics and dominated by a mixture of grasses, shrubs and scramblers; (2) young (5-10 years) mixed-species cabinet timber plantations (CT; n=10 in the subtropics, n=5 in the tropics), which typically included a mix of rainforest and eucalypt species; (3, 4) monoculture timber plantations (mostly stands of Araucaria) in each of two age classes, young (5 -15 years) (YP; n=5 in each region) and old (38 -70 years) (OP; n=10 in each region); and (5) 'ecological restoration' plantings (ER; n=9 in the subtropics, n=10 in the tropics), which were 6-22 years old and had a diverse mix of trees and shrubs planted at relatively high densities. RG, CT and ER sites had been established on land which had previously been pasture. OP sites had been established immediately after clearing of the original rainforest. YP sites were second-rotation plantations, with the exception of a single YP site in each region that had been established on pasture.
Further details of the study design are provided elsewhere (Kanowski et al. 2003; Catterall et al. 2004) . Within each region, sites were widely dispersed, over an area of more than 500 km 2 , and different site-types were interspersed as far as possible, subject to constraints arising from non-random land use patterns. Replicate sites in each treatment were generally 1 -10 km apart, except for monoculture plantations, where sites were restricted to a few localities in each region, and some were a few hundred metres apart. Andersen et al. 2002) . Sampling periods were temporally interspersed among site-types to control for any variation in capture success due to weather or other factors.
Sampling
Specialists, Cold Climate Specialists, and Tropical Climate Specialists. Genera that encompassed species from more than one functional group were excluded from the functional group analysis. However, we were able to place 98% of individuals overall, and no fewer than 92% of individuals in any particular site, into a functional group.
A number of variables relating to vegetation structure were also measured within five subplots at each site, and then pooled or averaged to obtain a single site measure (Kanowski et al. 2003) . Four key variables related to vegetation development were considered in the current paper: canopy foliage cover (%), tree basal area (m 2 /ha), litter dry weight (t/ha), and groundcover of grasses (index, 0-25).
Statistical analysis
A separate set of analyses was carried out for each region. Because the abundance of ants trapped by any pitfall may be strongly affected by chance proximity to nests and foraging trails, capture data are often transformed at the scale of individual traps to reduce distortion of summary counts (Andersen 1990; Hoffmann & Andersen 2003) . In much of the literature on ant functional groups, trap-level abundance data are transformed to a six-point ordinal scale (e.g.1 = 1 ant, 2 = 2-5 ants, 3 = 6-10 ants, etc: see Andersen 1997), although ln(x+1) transformations (Hoffmann & Andersen 2003) and presence/ absence transformations (Andersen et al. 2002) at the site scale have been used in some cases. In the present paper, we transformed trap-level data to presence/ absence, and used the number of pitfall traps (out of 10) at each site in which each genus was recorded as our measure of relative abundance (hereafter 'frequency') in all analyses. Preliminary analyses showed that these frequencies were highly correlated with relative abundances based on the six-point ordinal scale of Andersen (1997) , with P<0.001 for all tests. These tests were Pearson correlations across sites within each region (subtropics n=54 sites, tropics n=50 sites), for each genus recorded at more than five sites in the region (15 subtropical genera, 11 tropical genera), as well as Mantel correlations (based on Bray-Curtis distances) for the multivariate data set in each region.
Ant genera potentially indicative of pasture or rainforest conditions were identified using the IndVal procedure (Dufrene & Legendre 1997) using data from the pasture and rainforest reference sites only. Each IndVal measure (range 0-100%, for each tested genus, with respect to each habitat) combined the frequency and consistency of occurrence within-habitat (rainforest or pasture) with the extent of avoidance of the other habitat, with statistical significance determined by a randomisation procedure. For each significant rainforest or pasture 'indicator' genus, variation in frequency across all site-types was then tested using Analysis of Variance (ANOVA) together with post-hoc pairwise LSD tests, based on log-transformed frequencies. ANOVA P values were determined by randomisation, to improve the robustness of the results to variation in the datasets (Edgington 1980) . Randomisations were performed with 1,000 iterations using the programs PopTools (Hood 2007) and Resampling Stats in Excel (Blank et al. 2001) . 
RESULTS
In total, 14,527 individual ants from 47 genera were collected: 9,904 individuals from 39 genera at 54 sites in the subtropics, and 4,623 individuals from 35 genera at 50 sites in the tropics. Two genera (Pheidole and Rhytidoponera) were present at almost all sites in both regions (96 and 100% of subtropical sites and 94 and 96% of tropical sites, respectively: Table 1) , and dominated the assemblages numerically (2014 and 5352 individuals respectively in the subtropics; 1636 and 2140 in the tropics). Other common and widespread genera were Paratrechina and Solenopsis (present at 61 and 52% of subtropical sites and 64 and 36% of tropical sites, respectively: Table 1) . Iridomyrmex was present at 28% of subtropical and 12% of tropical sites. The other genera were more sparsely distributed.
Genera which discriminated between pasture and rainforest
The IndVal procedure was used to identify taxa which showed a strong discrimination between the pasture and rainforest reference conditions (not considering the other site-types). Paratrechina had the highest indicator value in both regions (IndVal=89 in subtropics; 90 in tropics; P<0.001 in both cases), and was associated with pasture. Other pasture indicators were Aphaenogaster and Solenopsis in the tropics (IndVal=60, P=0.019; and IndVal=55; P=0.033 respectively), and Rhytidoponera and Tetramorium in the subtropics (IndVal=68, P=0.008; and IndVal=60; P=0.021 respectively). There was only one potential rainforest indicator genus in the tropics (Pheidole; IndVal=67; P=0.022), and none in the subtropics.
The frequencies of these species in reforested site-types were generally intermediate between their frequencies in pasture and rainforest (Fig. 1) . Paratrechina was less frequent in ER, OP and F site-types than P in both regions; with lower values also for YP in the tropics and RG in the subtropics. In the tropics, Solenopsis showed a similar pattern to Paratrechina. In the subtropics, Rhytidoponera was about half as frequent within F as in P sites, but showed similar frequencies to P across all reforestation treatments. Aphaenogaster in the tropics, and Tetramorium in the subtropics, differed significantly between P and F sites, but were infrequent and highly variable across the whole data sets (Fig. 1) . The sole rainforest indicator, Pheidole in the tropics, was recorded at greatest frequencies in CT and F sites, was intermediate at RG and OP sites, and lowest in frequency at P, YP and ER sites (Fig. 1) .
Patterns in functional groups
Dominant Dolichoderinae were mainly Iridomyrmex with a few Anonychomyrma (Table 1) , and comprised only a very small percentage of ants overall in both regions (Fig. 2) . Opportunists included eight genera, all of which occurred in both regions (Table 1) . Opportunists had greatest proportional frequency in P sites and lowest in F, in both regions, and their frequencies in reforested sites tended to be intermediate (Fig. 2) .
Generalised Myrmicinae (mainly Pheidole, with some Crematogaster in the subtropics; Table 1 ) had greatest proportional frequency in F sites in both the tropics and the subtropics (Fig. 2) . In the tropics, the frequency of Generalised Myrmicinae in reforested site-types was intermediate between F and P sites, whereas in the subtropics it was similar across pasture and all reforested site-types. In both regions F sites tended to contain a combination of more Generalised Myrmicinae and fewer Opportunists, whereas both P and reforested sites had fewer Generalised Myrmicinae and more Opportunists (Fig. 3) . Specialist Predators (with eight genera: Table 1) had greater proportional frequencies in F than P sites in both regions (Fig. 2) . Cryptic Species (with 10 genera) occurred relatively uniformly across all site-types in both regions (Fig. 2) .
Other functional groups occurred sparsely (Table 1) .
Multivariate discrimination by genera and functional groups
Ordinations based on frequencies within both genera and functional groups clearly separated F from P sites in both the tropics and subtropics (Fig. 4) . In the tropics, there were gradients in ordination space from P to F sites at both genus and functional group levels, associated with increasing canopy cover, tree basal area and leaf litter, and decreasing grass cover. Ordinations of both genera and functional groups placed OP and ER sites closest to F sites, RG sites overlapped the P sites, and YP and CT sites were variable or intermediate. Pairwise comparisons of site-types using ANOSIM (Table 2) showed that rainforest (F) sites differed from all other site-types except old plantations (OP), while pasture (P) differed from site-types with the best-developed vegetation (F, OP, ER), but not from the other reforested site-types (except for genera in YP sites).
There were few differences among RG, YP and CT sites.
In the subtropics, the gradient between P and F in ordination space was less clear, although ER and OP were again most similar to F, with RG sites (comprised of trees in this region) also nearby (Fig. 4) . CT sites overlapped the P sites, and YP sites were variable. ANOSIM comparisons showed that F and OP differed significantly from all other site-types, except for functional groups in RG (Table 2 ). P sites also differed from ER for genera, and RG for functional groups, but not from other reforested site-types.
There were, again, few differences among RG, YP, and CT sites.
DISCUSSION
In the present study, there were large overlaps between the ground-active ant genera of rainforest and pasture, particularly in the subtropics, in spite of great differences in above-ground vegetation structure and botanical composition. Ant assemblages in both regions and all site-types were strongly dominated by Pheidole and Rhytidoponera, and less so by Paratrechina, and discrimination between treatments in multivariate analyses was based mainly on variations in the relative frequencies of these genera, rather than the association of genera with particular site-types.
Comparing rainforest with pasture reference sites, we found only one genus (Pheidole) to be potentially indicative of rainforest conditions, and this was only in the tropics. Rainforest indicators may have been scarce because few genera occurred consistently across sites within reference site-types, and those that did tended to be ubiquitous across pasture and rainforest. More comprehensive sampling (e.g., extracting
ants from leaf litter, collecting aboreal ants) may have revealed more taxa that occurred consistently in rainforest. For example, in the study by King et al. (1998) , most ant taxa associated with rainforest were obtained from extracting leaf litter, rather than pitfall traps. However, in the subtropics, Nakamura et al. (2003) were unable to distinguish pasture from rainforest sites using litter-extracted ant genera. Alternatively, had our sites been restricted to a narrower range of environmental conditions, especially in the subtropics where sites varied considerably in rainfall and soil type, we may have found more genera occurring consistently across rainforest sites. For example, Nakamura et al. (2007) , working in a small part of our subtropical study region, found several rainforest indicator ant genera with a similar level of sampling effort. However, a restricted relevance to a narrowly-defined environmental context would preclude the use of ant genera as broadly-applicable indicators of ecological change in rainforest landscapes.
Several genera in each region were indicative of pasture conditions. Paratrechina was the only genus which was a pasture indicator in both regions and showed similar patterns in each, decreasing in frequency across the site-types with increasing complexity of woody vegetation. Paratrechina was also indicative of pasture when compared with rainforest in another south east Queensland study (Nakamura et al. 2007) , and several other studies have found that Paratrechina responds positively to disturbance (Hoffmann & Andersen 2003) . However, 'pasture indicators' are of limited value in assessing reforestation success because they can only indicate movement of sites away from a pasture-like state, but do not guarantee movement towards a rainforest-like state. For example, young monoculture plantations in the tropics had low frequencies of Paratrechina in spite of great differences from rainforest reference sites in vegetation composition and structure (Kanowski et al. 2003; Wardell-Johnson et al. 2005) , beetles (Grimbacher et al. 2007 ) and vertebrate fauna (Catterall et al. 2004; Kanowski et al. 2005 Kanowski et al. , 2006 .
Our data provided limited support for the application of the functional group model to assessing rainforest restoration. Three functional groups were considered by Andersen (1995b) as being most important in assessing stress and disturbance:
'Dominant Dolichoderinae' (considered to be aggressive and strongly competitive, highly abundant in hot and open habitats, but often absent from well-shaded habitats); 'Generalised Myrmicinae' (considered to be relatively stress-tolerant, and often dominant in the absence of Dominant Dolichoderines) and 'Opportunists' (considered to be poor competitors and to be ruderal species characteristic of disturbed sites). In the context of reforestation on cleared land, the functional group model would predict that highly-competitive Dominant Dolichoderines would be most common in open habitats created by canopy clearance, whereas Generalised Myrmicinae would dominate shaded habitats. Opportunists are expected to increase in relation to disturbance (King et al. 1998; Andersen 2000) . Two other functional groups, Specialist Predators and Cryptic Species, were considered to have highly specialised requirements and negative responses to disturbance (Hoffmann & Andersen 2003) . Dominant Dolichoderinae were uncommon in this study, and did not dominate structurally more open habitats such as pasture sites, as the functional group model would predict. Perhaps, from the point of view of an epigaeic ant, rainforest and mesic pastures may not be very dissimilar environments. In these pastures, depending on stocking rates and season, dense grass can completely shade the soil, effectively providing a 'canopy' cover close to ground level.
However, the functional group model was supported by the observation that ant assemblages in the pasture reference sites tended to comprise relatively high proportions of Opportunists and low proportions of Generalised Myrmicinae, whereas assemblages of the rainforest reference sites showed the opposite pattern. Our results suggest that increases in the ratio of Generalised Myrmicinae to Opportunists may be useful as an operational indicator of the attainment of a rainforest-like state. We found support for the functional group model also in the responses of Specialist Predators. Cryptic Species did not show any particular pattern amongst our site-types, although in Australian rainforests, this group may be poorly sampled by pitfall traps (King et al. 1998 ).
In both regions, differences between sites in ant assemblage composition were associated with differences in canopy cover, tree basal area, litter and grass cover; i.e., a gradient in structure from pasture to closed forest. The gradient in canopy cover may be especially important, although our data do not allow its effect to be separated from that of the other structural or correlated floristic variables. At their current ages and levels of development, all types of reforestation were clearly different in ant assemblage composition from rainforest reference sites. The sites with assemblages most like those of rainforest were the older monoculture plantations, particularly in the tropics where an understorey of rainforest species had been allowed to develop (Kanowski et al. 2003) .
While corresponding with the development of a more rainforest-like vegetation structure, the more rainforest-like ant assemblages at the tropical OP sites could also have been affected by previous land use and landscape context, since those sites had generally been established immediately after clearing, without an intervening pasture phase, and were mostly immediately adjacent to intact rainforest. The direct conversion of forest to plantation would have provided less opportunity for invasion by opencountry ants, and would also have allowed rainforest ants to persist rather than having to recolonise from elsewhere.
In conclusion, our results indicate that rapid surveys of ground-active ant genera by pitfall-trapping in Australian rainforest landscapes can discriminate between pasture and rainforest sites, but have limited ability to discriminate between different types of reforestation. It is possible that ant responses to the different forms of reforestation would have been more informative at the level of species, but such identification would require more effort and resources than are typically available in rapid assessments. Site-types: P = pasture, RG = regrowth, YP = young monoculture plantation, CT = mixed species cabinet timber plantation, ER = ecological restoration planting, OP = old monoculture plantation, F = rainforest. Functional groups: Dominant Dolichoderinae (DD), Generalised Myrmicinae (GM), Opportunists (OPP), Specialist Predators (SP), Cryptic Species (CS), Cold Climate Specialists (CCS), Hot Climate Specialists (HCS), Tropical Climate Specialists (TCS), and Subordinate Camponotini (SC). † = genera to which a single functional group could not be attributed. * P ≤ 0.05; ** P ≤ 0.01;*** P ≤ 0.001. Site-types: P = pasture, RG = regrowth, YP = young monoculture plantation, CT = mixed species cabinet timber plantation, ER = ecological restoration planting, OP = old monoculture plantation, F = rainforest. 
